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HOMOGENEOUS NUCLEATION AND DROPLET GROWTH I N  NITROGEN 

INTRODUCTION 

Transonic cryogenic wind tunnels, such as the Langley 0.3-Meter 

Transonic Cryogenf c Tunnel (TCT) and the National Transonl c Faci 1 i ty 

(NTF), are desfgned t o  fncrease Reynolds number, Rc, by lowering the 

temperature of  the nftrogen t e s t  gas t o  cryogenic temperatures. Figure 

1 shows tha t  for  n l t rogen there i s  a s lgn i f i can t  increase i n  Reynolds 

nuRber when going t o  the lower temperatures. Onset o f  condensation due 

t o  e l  ther  heterogeneous (pre-ex1 s t i  ng seed pa r t l c l es )  or  homogeneous 

( the gas forms I t s  own seed pa r t i c l es )  nucleation l l n l t s  the ninigun 

operating temperature and, consequently, the maxlmum Reynol Q number 

capabil i ty.( ' )  This minimum operating temperature can be conservatlvely 

l l m i t e d  t o  temperatures correspondlng t o  saturat ion a t  the maxinun loca l  

Mach number, ML-max, over the a f r f o i l .  (Saturation occurs when the 

pressure and temperature of the gas are on the vapor-pressure curve.) 

However, as reported I n  reference 1, f o r  the 0.3-nr TCT, heterogeneous 

nucleatf on has only been detected bel  ow temperatures corresponding t o  

freestream saturation. Therefore, I f  condensation e f fec ts  occur over an 

a i r f o f l  I n  the 0.2-m TCT a t  temperatures above freestream saturatjon, i t  

i s  probably due t o  homogeneous nucleation. Because of an energy b a r r i e r  

t o  the onset 3 f  homogeneous nucleatlon, however, onset w i l l  not take 

place u n t i l  ttrnnel temperatures are below those corresponding t o  

saturat fon a t  ML-maxe 

As shown f o r  the example i n  f igure  1, if condensatfon e f f e c t s  do 

not occur u n t i l  the temperature i s  reduced t o  tha t  value corresponding 

t o  free-tream saturatlon, the Reynolds number can be Increased by 25 
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percent over the Reynolds number a t  the temperature f o r  saturat ion a t  

I n  the present work, a computer model o f  the homogeneous 

nucleatlon process and growth o f  nitrogen condensate f o r  flows over 

a l r f o i l s  I s  developed t o  p red lc t  the onset o f  homogeneous nucleation and 

thus t o  be able t o  take advantage o f  IS muck o f  the Reynolds number 

c lpabi  1 I t y  o f  cryogen1 c tunnel s as possl b l  e. 

Thls computer model l s  r e s t r i c t e d  t o  the supersonic regfon over the 

a i r f o i l  because t h i s  i s  where condensatlon due t o  homogeneous nucleatlon 

w l l l  occur f l r s t  and also because o f  d i f f f c u l t l e s  i n  makfng calculat lons 

through sonlc conditlons. 

la t lons,  a one-dlmens!onal analysls I s  used rather than a more 

contpl I cated two-dlmensl onal analysl s . M I  t h  regard to the appl I cab1 1 I ty 

o f  the one-dimenslonal model, Wagner(*) determined tha t  the dlf ferences 

between one- and two-dimensional calcul  at lons f o r  h l  s condensation 

calculat ions are smal l e r  than the d l  fferences between condensed and 

uncondcnsed flow. Wagner, therefore, concluded tha t  the one-dlmensional 

slrnulation should account f o r  the mafn condenst- lon e f fec ts  f n  a 

q u a l l t a t l v e l y  correct  manner. Therefore, It i s  assumed hereln t h a t  a 

one-dimensfonal ca lcu lat ion I s  adequate I n  predlc t lng condensation 

e f fec ts  over a two-dlmensicinal a i r f o i l .  

I n  order t o  f u r the r  s lmpl l fy  the calcu- 

Uslng a two-step procedure, the condensatfon over the supersonic 

sectlon o f  an a l r f o l l  I s  predlcted by f i r s t  ca lcu lat lng the geometry o f  

an equlvalent one-dlmenslonal nozzle from the condensatf on-free, 

isent rop lc  pressure d fs t r i bu t l ons  measured over the a f r f o l l  , as shown f n  

f i g u r e  2. The nondlmensional pressure coef f lc lent ,  Cp. I s  gfven by 

P - P, 
c P =  &, 9 

(1) 
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A and A" I s  the nondfmensional area o f  the one-dfmenslonal nozzle w l t h  

A* befng the throat  area a t  sonic speeds. By fo l lowlng an approach 

simf lar  t o  e a r l l e r  one-dimensional models o f  flow through u supersonic 

nozzle, as Qscrlbed I n  references 3 ,  4, and 5, the second step solves 

for condensation i n  the equfvalent nozzle. I n  the present study, t h i s  

step Involves In teg ra t f  ng the contfnul ty,  energy, and momentum equations 

along wi th  a condensat!on equation based on the c lass lca l  l i q u i d  droplet  

theory (CLDT) o f  homogeneous nucleatlon and Gyannathy ' s droplet growth 

equation, usf ng a fourth order Runge-Kutta i n teg ra t i on  scheme. Also 

fncwporated fn to  t h f  s program f s the Besttfe-Brldgeinan,(6) equatlon o f  

state whfch can be reduced to the Ideal  gas equation of state, I f  

desired, and a var le ty  o f  susgested correctfons t o  the CLDT - Tolman, (7 )  

nonfsothennal,(8) Lotho and Pound,(9) and t h a t  due to e l t h e r  Refss (50) 

or K I  kuchl (11) 

Data from a l r f o f l  experlments I n  the  Langley 0.3-m TCT and frola 

-earlier nozzle experlments are used to evaluate the Jarlous correct ions 

t o  the CLDT, the rea l  93s effects, and the sensf t l v f t y  of the model to 

certa? n parameters. 
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EQU AT I ON S 

F1 ow Equations 

Since the f low over the supersonic section o f  an a i r f o i l  can be 

approximated by the f l o w  through an equivalent nozzle, the condensing 

f low can be described fol lowing dn approach s im i la r  t o  e a r l i e r  models i n  

references 3, 4, and 12. For t h i s  study, the f l o w  i s  assumed t o  be one- 

dimensional, steady, f r i c t i o n l e s s  a t  the boundary and adiabatic-no heat 

t ransfer  across the boundary. Instead of assuming an ideal gas as i n  

e a r l i e r  models, nitrogen i s  assumed t o  be a real  gas which obeys the 

Beattie-Bridgeman(6) equation of state. The condensing droplets are 

assumed to occupy neg l i g ib le  volume with respect to the remaining vaoor 

and have the same speed as surrounding gas. 

Cont inui ty 

Since t h e  flow i s  steady through the nozzle and the droplets are 

assumed t o  be a t  the same speed as the flow, the cont inu i ty  equation can 

be wr i t t en  as 

The t o t a l  density, pT , i s  made up o f  two parts, such t h a t  

Pf = P; + P ( 3 )  

, 

whrre P; i s  the equivalent density o f  the condensate dispersed 

throughout the same volume as the vapor density P By solv ing f o r  

P , equation ( 3 )  can be expressed as 
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ORIGINAL PAGE 19 
OF POOR QUALITY 

( 4 )  

Since p i  and pT are over the same volume, p; /p, can be replaced by t i le 

mass fract ion 3f the condensate, I, which i s  deflned as the r a t i o  of 

the condensate mass t o  the t o t a l  mass, Therefore, the t o t a l  density 

pT can be expressed as 

By subst i tu t ing equation ( 5 )  I n t o  equation (21, the cont lnu l ty  equation 

can k exprzssed as 

The d i f f e r e n t i a l  form of the cont inu i ty  equation i s  then wr j t t en  as 

Momentum 

From t9e  assumptions tha t  the droplets move a t  the  same speed as 

the gas, and tha t  the f low i s  f r i c t l o n l e s s  a t  the boundary of the 

nozzle, the momentum equation takes the form 

o r  
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Energy 

From the assumptions o f  no k a t  t r a w f e r  across the nozzle boundary 

and steady one-dimensions! flow, the energy equation can tn obtained 

from the f i r s t  law o f  thermodynamics as 

Secause the f i r s t  term i n  the brackets and the difference between l a t e n t  

heat evaluated a t  T and Tr are small compared to the res t  of the 

equation, the energy equation can be 5impl i f ied to the fol lowing form 

which i s  also used i n  references 2, 3, 4, and 12: 

2 
+ +  h - gL = const 

where L i s  calculated a t  the gas s t a t i c  temperature. The d i f f e r e n t i a l  

f o n  of the energy -quation i s  then wr i t t en  as 

Equation of state 

To compl?te the solut ion o f  equations (71, (8) ,  and (ll), the 

equation uf state i s  added tr, the f l o w  equations. Because pressure f s  a 

funct ion o f  density and temperature, the derfvaLive can be expressec! as 
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The derivative of specific anthalpy of the gas, h ,  can be expressed as 

1 from reference 13. By subs t i t u t ing  for v and us ing  the 

mathematical identity 

equation (14) can be writteri as 

Solution of flow equations - 
d Because & can be calculated from the nucleation and growth rate 

equations, to be discussed la ter ,  and A i s  already determined, these 

values a r e  treated as known quantities. Therefore, the linear system of 

equations (71, (81, (111, (121, and (15) remain for the derivatives 

2, 2, gs g, and =. dh Because the latent heat, L, is primarily 

a function of temperature, the derivative may be expressed as 

dL I dL dT 
a;r Ta;; (16)  

By s u b s t i t u t i n g  equations (81, (151, and (16) into equation (11) and 

collecting terms, the energy equation can then be written as 
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which can be expressed i n  thc form 

du CK 
cl * aii+ c2 ?E= c3 

ORUNAL PAGE 09 
OF POOR QUALITY 

(18) 

By solving equation (12) for  a;r dp , subst i tu t ing  t h i s  r e s u l t  along wi th  

equation (8) f n to  (71, and co l l ec t i ng  terns, the cont inu i ty  equation can 

be wrt t ter i  as 

which can be expressed i n  the form 

du dT 
El "a ; ; -+  E 2 x =  E3 

Ustng K r a m r ' s  Rule, equations (18) and i20) can be solved 

dT i n  the fo l lowing form sfmultaneously f o r  and du 

du 1 . '3 E2 - '2 E3 
a;r ii t1 €2 - c2 tl 

E3 - c3 El 
t2 - c2 5 

From the coct inuf ty  equatlon 17). do i s  determined as 

(20) 

(21 1 

(22) 

Ffnal ly ,  $ i s  calculated from the momentum equation as 
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dg 
Hence, from equations (81, (211, (221, (23). and calculated from 

the nucleation and growth r a t e  equations t o  be discussed I n  the next 

section, the condensing f low over the a i r f o i l  can be solved. 

Homogeneous Nucleation 

The condensation over an a i r f o i l  i s  assumd t o  be the r e s u l t  of 

droplets formed by the homogeneous nucleation o f  the nitrogen gas 

although the fol lowlng equations are f o r  any pure vapor. 

homogeneous nucleatlon process there I s  a slze-dependent energy b a r r i e r  

which must be overcome such t h a t  a l l  droplets wi th  radlus, rr less 

than some c r i t i c a l  droplet  radius, r*, w i l l  tend to evaporate whi le  

a l l  droplets w i th  radius larger  than r* w i l l  be stable and grow. The 

c r f t i c a l  radius i s  calculated from the Glbbs-Th~mson(~) CT 

equation 

I n  the 

Iv in(14)  

wi th  the r e s u l t  that  

where u Is the surface tension o f  the droplet, pa i s  the droplet  

density, and psat Is the saturated vapor pressure calculated a t  the 

temperature o f  the gas, T. A t  saturat lon PIPsat - 1 and r* - -; 
however, r* decreases as p/psat increases and the probabll  lty 
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4ncreases t h a t  random colllsfons o f  gas molecules will result i n  a 

growfng droplet w ? t h  radius larger than r*. 

The formation rate of critical-sized droplets i s  represented by the 

:lassfcal 1 l q u f C  droplet theory, CLDT, whfch assumes t h a t  spherfcal, 

l i q u i d  droplets are formed which retain the bulk l i q u i d  properties and 

are i n  thermal equflfbrlum w f t h  the surrounding vapor. For real-gas 

b ?havfore the vapor molecular density is expressed as f rather than as 

' !e ideal gas value o f  . Therefore, the present aothor modif!ed 

the pre-exponentia? tern i n  the nucleatfan equation found i n  U U ( ~ )  so 

t h a t  the CLDT can be expressed as 

W , P  2 ( 2 0 )  1 /2 
exp ( -  -1 JcL - pa II 

where m Is the mass o f  one molecule and 

~ = : n r *  2 u (26) 

!s *he net .rork (12) requfred for  the formation of the crftfcal-sized 

droplet. This n a t  work is  the energy barrier whfch m u s t  be overcome t o  

form a droplet. 

equation \26)  can be rewritten as 

I n  terms o f  the c r l t l ca l  droplet surface area. 
A d e  

W * Ad a /3 ( 2 7 )  

10 

As m ~ t i ~ n e d  I n  reference 12 ,  this result ?s also true for the fona t lon  

~f a solId cluster of  molecules, or crystal of quite general shape 

where u Is a "surface tension"-l{ke term based on the free surface 



energy of the c rys ta l  I n  contact w i t h  u vapor. Some assumptfons must be 

made concerning the shape o f  the  crysta l .  (12) For lack o f  another 

equation, the CLDT (eq. ( 2 5 ) )  Is used i n  references 3, 4, 5, and 15 t o  

determir.2 the formation r a t e  of c rys ta l s  where *e surface tenslon u 

has been replaced by the f r s e  surface energy o f  the sol id. 

Subst i tu t ing equation (24) i n t o  (25) gives the fo l lowing 

expression: 

Because of t ' le  dependence o f  the domlnant exponential terra on the 

inverse of an p/psat, homogeneous nucleatlon does not occur u n t i l  the 

flow i s  supersaturated (P/Psat > 1). The exponential tern I s  also 
3 proport ional t o  CY ; 

2 

therefore, the nucleation r a t e  I s  very sensi t ive 

t o  er rors  i n  t h e  surface tens im.  For condltfons approprlate f o r  

transonic, cryogenic wfnd tunnels, a ten-percent e r ro r  i n  a could 

result i n  a nucleation r a t e  change o f  IO6 and an e r ro r  o f  3K f n  t o t a l  

temperature a t  which onset o f  cosdensatfon i s  predicted to o c c m  

Modi f i cat4 ons t o  Homogeneous Nucl eat lon 

Since the fntroduct ion o f  CLDT, maw researchers have attempted t o  

improve the theory by accounting f o r  s o x  o f  the physics t h a t  are 

dfsregarded by the basic CLDT. This sectlon reviews some o f  the best- 

known e f f o r t s  t o  improve the nucleatfon r a t e  p r e d k t e d  by the c lass lca l  

theory. 
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To1 man 

Because of possible error i n  assuming the planar  value for surface 

tension of a l i q u i d  droplet, the effect of droplet size on surface 

tension has been studied by several oeople. ('6) 

study the effect of droplet size on surface tension was Tolrnan(') who 

One o f  u e  f i rs t  t o  

developed a correction to surface tension of the form 

12 

mol ecu 

Sivier 

where 

where uW is the planar surface tension and 

the fntermolecular distances of the l i q u i d  which i s  on the order of 

10-lom for several fluids.(') Tolman comments t h a t  ;ass and less 

confidence can be placed i n  this expression as droplets get smaller and 

small er . (' Typical , drop1 ets for the  present cal cul a t i  ons contai ned 50 

es. Applying Tolman's correction to the surface tension, 

5,  calculated the critical radius i n  equation (29) t o  be 

6 i s  a constant based on 

r*(uao) i s  calculated from equation (24) using u,. Therefore, 

by using equation (29) and (30) and the appropriate Tolman constant,&, 

the surface tension can be corrected and thus the CLOT can be modified. 

Lothe and Pound 

Because they f e l t  t h a t  the free energy of formation i n  the CLOT, 

represented by the net work i n  equation (261, was not complete, Lothe 

and Pound(') proposed a correction to the CLDT which inclildes the f ree 
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t ranslat ional  and rotat ional  energies. Using the macroscopic or planar 

surface tension, am, the Lothe and Pound correct ion fac to r  can be 

wr i t t en  i n  the following form from reference 3: 

= +LP . JcL (31) 

where 

rep 
where 

n* r 3  n r*3 pC/mC (33)  

and the moment o f  i n e r t i a ,  I*, o f  c r i t i c a l  spherical droplets i s  given 

bY 

I* t 3 2 n* m, r*2 (34) 

The replacement factor,  

freedom introduced from the trans1 at ional  and rotat ional  energies, i s  

based on. the  f ree energies o f  separation. For water, Qrep has been 

Qrep, which compensates for the s i x  degrees o f  

approximated between lo4 and lo8 i n  reference 17. With Qrep * l o4  D 
Because o f  the added 

(17)  
q 2  has been estimated a t  1@. 

trans lat ional  and ro ta t i ona l  energies, the Kelv in equation should be 

modified t o  Include the correct ion term (14) 
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which increases the nucleation ra te  by an addi t ional  factor  o f  10-100 

f o r  the  present cal cu 2 - f  ons . 
Reiss or Kikuchi 

Reiss( l*)  agrees wi th  Lot,.e and Pound(') t ha t  the CLOT should be 

corrected, but he suggests t h a t  the Lothe and Pound correct ion i s  only 

appropriate i n  connection wi th  c r y s t a l l i n e  par t ic les.  

Reiss and Katz (I8) developed an expression s im i la r  t o  t h a t  o f  Lothe and 

Pound, but concludea that, for a l i q u i d ,  the  f ree ro ta t i ona l  energy i s  

already contained I n  the bulk descrfpt ion of the free energy o f  

formation. Kikuchi (19) extended the work o f  Reiss, et.al. ( * O )  and also 

concluded t h a t  no rotat ional  e f fec ts  should be included for a l i q u i d  

droplet. 

K i  kuchi ' s (11) correct ion and concludes them t o  be essent ia l ly  the same 

except tha t  Kikuchi takes drop1 e t  curvature dependence i n t o  account. 

Disregarding curvature dependence, t h i s  correct ion w i l l  be label  l e d  

for e i the r  Reiss or Kikuchi and can be wr i t t en  as 

I n  an ear ly  work, 

I n  the appendum o f  Reiss, (lo) Reiss compares h i s  and 

+RK 

v PL 
@M55; ; -T ; -  

so tha t  the nucleation ra te  can be expressed as 

@RK JCL 

(36) 

(37 )  

Noni sothermal 

I n  contradict ion t o  the assumption tha t  the forming droplets are i n  

thermal equi l ibr ium with the condensing vapor which, as discussed by 
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W U ( ~ ) ,  i s  v a l i d  only when a large quant i ty  o f  carrier gas is present t o  
d i  ssi; t e  the heat  o f  condensation, Wu, following Feder, et.al , ( 8 )  

incorporated a correction factor t o  account for the temperature 

differences between the droplets and the vapor t h a t  result from the 

necessary heat transfer between the forming droplets and the surrounding 

gas. When simplified for a pure vapor, t h i s  nonisothermal correction 

factor(3) can be written as 

so t h a t  the nucleation rate can be expressed as 

T h i s  nonisDtherma1 multiplier reduces the nucleation rate by factors as 

large as 22 for the conditions analyzed herein. With regard to the 

growth equation proposed by Gyarmathy (*l)  discussed i n  the n e x t  section, 

a nonisothermal correction factor would not be proper because he assumes 

t h a t  the droplets and vapor are i n  thermal equilibrium a t  critical 

condi ti ons. 
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A parameter known as Knudsen number, K n ,  i s  used to  define 
different  regimes o f  droplet growth and is given as ( 2 2 )  

where ‘i i s  the mean free path o f  a gas molecule and r i s  the droplet 

radius. For free-molecular flow, Kn >> 1, and for  continuum f l o w ,  Kn 

1. Most of the e a r l i e r  programs i n  references 3, 4, and 5 used a 

f ree  molecular growth equation, b u t  because of the relat ively h igh  gas 

densi t ies  whf ch exist i n  transonic cryogenic tunnels, a growth equation 

tha t  describes droplet growth i n  free-molecular, transf t ion and 

contt nuum regimes i s  needed. As described i n  reference 22, 

Gyarmathy devel oped a contf nuum equation which closely approximates 

droplet growth i n  the free-molecular regime as well e For a gure vapor, 

Gyarmathy’s equation takes the form of 

d r  x 
a T = m  

where P, is the Prandtl 

Tr  - T 
1 b (41 1 

ZJSn rlj) Kn r 
+ (1.5 Pr 5 (y+ 

Tr - T 
1 b (41 1 

ZJSn rlj) Kn r 
+ (1.5 Pr 5 ( Y +  

number of the gas, E i s  the thermal 

accomdat ion  coeff ic ient ,  which i s  assumed t o  be 1, and Tr i s  the 
temperature a t  the surface o f  the droplet expressed as (21  i 

where T,,t i s  the saturation temperature calculated a t  the pressure of  

the gas. The change i n  enthalpy, Ah from the gas a t  T t o  the ’ 



17 

l i q u i d  a t  T, i s  expressed as 

By neglectlng cp(T - Tr) and evaluatfng the l a t e n t  heat L a t  the 

temperature o f  the gas rather than 

l n  equatlon (431, the t o t a l  temperature o f  condensatlon onset l s  

t y p f c a l l y  reduced by less than 0.25K. Therefore, by approxlrnatlng 

Tr i n  the energy equatlon (9)  and 

Ah as L(T), equatlon (41) can be rewrf t ten as ag 

dr  
at 

A * -  . 
par 

1 . Tr - T 
r (44 1 

Thlr  droplet growth equatfon assumes no coagulatlon o f  droplets. When 

droplet  radlus I s  close t o  r*, the droplet  growth r a t e  1s slow 

because Tr - 1. Evaporation o f  droplets 1s approxlmated by equatlon 

(44) 

Cal cu l  a t j on  o f  Condensate 

The condensate formed l n  the two-phase flow l s  determlned from tQe 

l n teg ra l  o f  the condensate mass f r a c t l o n  g ( ~ ) ( ~ ) ,  whfch .Is wr l t t en  as 

where g, the nucleatlon ra te  J , and the e f fec t?ve  nozzle area A are 

functions o f  pos l t l on  along the nozzle, x. The quantfty r(6.x) 1s the 

radlus a t  x o f  a droplet  formed a t  6, whlch can be w r l t t e n  as 
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whsre r(6,  6) f s  the c r f t f c a l  radius a t  6 and where 

ar 1 dr as'mx 

where ar dr i s  detennfned from equatfon (44) .  Df f fe ren t fa t fon  

(45 )  wfth respect t o  x gives 

iatS on 

dr frm equation (47).  Equatfor! (48)  ar where ax f s  replaced bq 

shows that the fncrease I n  I. tss  f ract fon consfsts of the droplet  mass 

f rac t l on  befng created f n  dx and o f  the growth o f  pa r t f c les  createa 

before the current x locat lon.  

Using a four th  order Runge-Kutta fntegrat ion scheme. equatlons 

(481, (471% (211, (22). (231, and (8) are solved f o r  the f low 

var lables 9, r, u, T, p, and p .  The propertfes o f  gaseous and 

condensed nftrogen which are necessary f n  solvfng these f low equatfons 

are dfscussed fn  the next sectfon. 



PROPERTIES OF N I T R O W  

The propert ies of  gaseous, l i q u i d ,  and solld nftrogen are needed f n  

predlc t lng the formatlon o f  l l q u f d  or s o l f d  nftrogen droplets from 

nf trogen vepor. 

Gas Propert i  es 

The propert!es o f  gaseous nltrogen are known r e l a t f v e l y  well  down 

t o  the tr!ple po int  (temperature, 63.148K, and pressure, .1237 atm, a t  

whlch solfd, l l qu fd ,  and gaseous states o f  nftrogen coexfst).  (23 The 

extrapu 1 ated equatf ons f o r  the nf trogen gas propert ies can only be 

assumed to be v a l i d  for descrfbfng the nftrogen gas below the t r i p l e  

po in t  and the metastable gas which exfsts i n  the ldquld reglme before 

the gas condenses. 

Equatlon o f  state 

The Beattie-Brfdgeman (B-B) equation o f  s ta te f o r  nitrogen 4s used 

herein t o  introduce rea l  gas ef fects.  This equation o f  state i s  

surpr l  sf  ngly accurate and i s  represented by(6) 

where the values o f  the constants f o r  nltrogen are l i s t e d  ',I table  1. 

By set t fng these constants t o  zero, the fdeal gas equatfon o f  s ta te  I s  

obtaf ned 

P 9 PRT ( 5 Q )  

Uslng the B-B o r  Ideal  gas equatlon o f  state, the fo l lowfng 

expressions are used for ca lca lat lng the specff lc enthalpy, h,  

specff lc entropy, s, heat capacftfes, cy and cps and sound speed, 



a, for nitrogen gas: (6  1 

where h*T = 309500 J/kg and S*T = 6836.09 Cikg-k are reference 

values o f  spec i f ic  enthalpy and entropy, the reference pressure, 

i s  101325 N/m2. and the reference temperature, To, i s  298.i5K.(24) The 

zero pressure values of  spec i f ic  heats, cpo and cyo are represented by 

the fo l lowing ideal expressions 

0 0 

po, 

c o -  R 
P -3 (56) 

where the r a t i o  o f  speci f tc heats, y = f o r  " ideal"  nitrogen or any 

ideal dlatamic gas, i s  1.4. Therefore 

cpo = 3.5R ( 56a 1 

and 

c,' cPG - R (57) 
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I n  f igure 3, the resu l ts  o f  ca lcu la t ing  cP using the B-8 equation 

o f  s ta te (eq. (50 ) )  are compared wi th  the constant ideal  gas value. 

A1 though not shown, s imi l  a t  resu ts would be calculated for cy and 

Y. As i n  the fo l lowing f i gu re  the gas propert ies are zalculated along 

the vapor pressure, V-P, curve 

prersure l i n e s  of 0.1 and 2 am;. 

are the range o f  local s t a t i c  pressures t y p i c a l l y  encountered during 

a i r f o i l  tests, extend f ran  the gas regim across the V-P curve and i n t o  

the mtas tab le  gas re(rirae by about 15K, which would be below the 

temperatures a t  which the onset of condensation was observed during the 

a i r f o i l  expsriments t o  be discussed i n  a l a t e r  section. 

Mean free path 

saturat ion boundary) and constant 
- 
:!F ~~r?;ttiit pressure l ines,  which 

- 
The mean f ree path, e , i s  the average distance traveled by a 

molecule between co l l i s ions .  The ideal  expression assuming a r i g i d  

spherical molelcule (25) , (26)  i s  used f o r  a' as shown 

1 
nn i d 2  

- 
I t =  

whers i s  t h e  molecular volume and d i s  the r i g i d  sphere diameter. 

By subs t i tu t ing  d = 3.75 x 

for gaseous nitrogen can be wr i t t en  as 

<or nitrogen, (26) the mean f ree path 

- 7.44 x e =  
P ( 5 9 )  
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Thermal conduct iv i ty 

The thermal conduct iv i ty o f  nitrogen, A, can be calculated using 

equation from J a c ~ b s e n ( ~ ~ ) w h i c h  i s  made up of  two terms 

where the d i l u t e  gas c m t r i b u t i o n ,  

contr ibution, 

l i s t e d  i n  table 2. 

lo, and the excess, o r  dense, f l u i d  

A+, which i s  bas ica l ly  a funct ion o f  density only, are 

I n  Jacobsen, (23) there i s  an addi t ional  term which i s  the 

enhancement due to the influence of the c r i t i c a l  point. For the present 

study, t h i s  term i s  delPted because it i s  generally small and because 

the high pressures 

po in t  are not typ ica l  of condensation onset i n  transonic cryogenic wind 

tunnels. Equation (60) i s  compared over the temperature range o f  

i n te res t  wi th a Sutherland-type expression used by Wagner(2) which i s  

gib- as 

( -  30 atms) i n  the neighborhood of the c r i t i c a l  

fr 
+ lllrr A = 2.067 x (61 1 

As shown i n  f igure 4, the resu l t s  o f  both equations are s im i la r  but the 

A calculated with equation (60) i s  s l i g h t l y  p r e s s r ?  dependent. For 

the present studies, the Sutherland-type expression I s  used. 

Viscosity 

Tne viscosi ty,  n , o f  nitrogen i s  calculated from an equation i n  

Jacabsen, ( 2 3 )  which contains two terms and i s  w r i t t en  as 
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where the d i l u t e  gas contr ibut ion,  

contr ibution, nE, which i s  pr imar i ly  dependent on densfty, are l i s t e d  

i n  table 3. I n  Jacobsen, there i s  another expression f o r  AnE for  

when the gas density 

included because gas densit ies o f  t h i s  magnitude are not t yp i ca l  of 

coqdensati on onset i n  transonic cryogenic w i  nd tunnel s. Equati O?I ( 62) 

i s  compared over the temperature range o f  i n t e r e s t  urfth a Sutherland- 

type expression used by Wagner,(3) which i s  given as 

no, and the excess, or  dense, f l u i d  

p i s  greater than 8 M  kg/m3, but t h i s  term I s  no t  

n 
1+1133/T n = 1.378 x 10”‘ (63) 

For the range o f  local  pressures during the a i r f o i l  tests, the r e s u l t s  

o f  both equations are s im i la r  f o r  the temperatures above 70 K as shown 

i n  f i g w e  5, but  the n calculated f ran  equation (62) i s  s l i g h t l y  

pressure dependent. A t  the lower temperatures, the resu l t s  o f  equation 

(62 )  are questionable and, i n  fact, the Sutherland-type expression f o r  

v iscos i ty  i s  recommended i n  place of  the Jacobsen expression. 

Prandtl number 

The Prandtl number, Pr ,  i s  defined as 

c n  
P r  =+- 

For constant pressures and the Jacobsen expression f o r  thermal 

(64) 

conductivi ty, A (eq. (6011, and viscosity, n (eq. (6211, and the 
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fdeal value o f  cp - 3.5R. the Prandtl  number approaches 0.73 for 

temperatures above 70K. T h f s  value agrees w f t h  the constact value for 

Pr o f  0.72 (see f fg .  6a) calculated usfng the Sutherland-type 

expressions for A (eq. (61 ) )  and r\ (eq. (63)) from Wagneri2) and 

assumfng the fdeal value for cp of 3.5R. However, a t  the lower 

temperatures , Pr ? ncreases sf gnl ff cantly fran the Sutherl and vat ue 

pf 0.72, taause o f  the fncrease f n  Jacobsen's expresslon for v f s c o c f t ~  

a t  the lawer temperatures (see f fg .  5 ) .  

tlsfng the 9-B equat!on of state and t h u s  the real-gas value o f  

the Prandt l  numbers calcu! ated us1 ng the Jacobsen ah.: Sutherl and 

expressfons fer A 3 ~ l  -3 ar9 in good agreement w f t h  each other a t  

temperatures above 73K, where both calculatfons are Greater than the 

ideal gar value o f  P r  (see f igs .  6b and bc) because of  the real gas 

value of cp whfch f s  shown f n  ffgure 3. Even though, a t  the lower 

temperatures, the real gas values o f  cp approach the Ideal gas cp o f  

3.5R, the Prandt l  numbers calculated from the Jacobsen and Suttierland- 

type expressfons for X and rl agafn do not agree because of uot! low- 

temperature dlfferences In TI (see ffg.  63 and 6c). The Prandtl number 

calculated from the Sdtherland-type equat40ns fc: a and TI mfght be 

approprlate for both above and below the tr lple p o f n t  because of (1) the 

goo4 agreement between the Jacobsen and Sutherl and-type expresslons for 

cP 

TI above 70K and X over the fu l l  temperature range for constant 

pressures and ( 2 )  the more reasonable TI values calculated from 

Sutherland-type expressfon a t  temperatures below 70K a1 though there 4 s  

no dfrect experfmental evfdence a t  temperatures below the trfple pofnt.  



Condensate Properties 

The properties o f  s o l i d  and l i q u i d  nitrogen are needed i n  

predicting condensation. The 1 i q u i d  properties o f  nitrogen are known 

relatively we 

b the tr iple 

trfple p i n t ,  

formation o f  

7 from the critical p o i n t  (23)  (33.555 atm, 126.20 K )  down 

po in t .  

there i s  some uncertainty as to whether or not  the 

iqt i id condeisote continues or tk fomatioti o f  solid 

For the metastable flow expansions below the 

condensate begins. Unfortcnately, there appear t o  have been no studies 

done on this possibly a b r u p t  phase change f o r  the propertles o f  the 

condensing metastable nitrogen. For a-phase sol i d  nitrogen, which 

exists betw,,en the triple p o i n t  down t o  approximately 35.5 K ( 2 7 )  a 

vapor pressure curve and den;i t j v  equation are deri ved from ex5 sting data 

and used along w i t h  theoretical expressicns f o r  the latent heat o f  

sublimation and surface tension because no appropriate data exist: As 

mentioned before, t h e  droplets are assumed to have the same properties 

as the bulk condensate, with the exception of surface tension which i s  

sometimes modified using Tolman 's  corrections (eqs. (29) and ( 3 0 ) ) .  

Vapor -p re s su re c.lrve 

The vapor pressure, V-P, curve ( f i g .  7) represents the  saturation 

line between gas and l i q u f d  or gas and solid. A more comDlicated 

expression f o r  the V-P curve beth*een the  critical a n d  tr iple po in t  found 

i n  Jacobsen (23)  i s  approximated very well by a simpler expression found 

i n  Dodge and Davis, (28)  which i s  o f  the form 

where the constants are listed i n  table 4 .  



26 

For $ -phase s o l i d  nitrogen, the V-P curve i s  represented by a 

simi 1 a r  expression from Fre! s, Smith and Ashworth (’’) where the values 

f o r  the constants are also l i s t e d  i n  tab le  4. The expressions used f o r  

the V-P curve of  nitrogen i n  the ear l  i e r  programs (3 )s (4 )s (s l  are s imi la r  

t o  these expressions but w i  t h  s l  i ght va r i  a t1  ons i n  the constants. 

Density of  condensate - 
The l i q u i d  nitrogen density i s  wel l  known and i s  evaluated by a 

curve f i t  t o  data i n  Jacobsen. i23) The curve f i t  shown i n  f i g u r e  8 i s  

( 6 5 )  2 = 28.0134 (34.65+.01381 Ti - .001145 T, ) pL 

The expressions f o r  1 i q u i d  nitrogen density used i n  e a r l i e r  programs 

give s imi la r  resul ts;  f o r  example, from S iv ie r  ( 5 )  

= 1181 - 4.8 T, (67) pL 

However, the value of 808.4 Kg/m3 used by DGker and Koppenwallner (15) is 

consi dered the best Val ue f f the temperature dependence i s  d i  sregarded. 

The 8 -phase s o l i d  nitrogen density i s  evaluated by t h i s  author 

w i th  a curve f i t  t o  data i n  Scott, (27) although h i s  data po in t  for the 

density a t  T = 44 K has been excluded. The resu l t i ng  curve f i t  i s  

Grif f ini4) and Sivier(’) extrapolated t h e i r  expressions f o r  l i q u i d  

denslty below the t r i p l e  po in t  i n  order t o  estimate the s o l i d  nitrogen 

density; however, t h i s  eW-apolat ion could lead to  serious errors  i n  



dens ty as shown i n  figure 8. Duker and Koppenwa lner (15) and uu(3)  

used a value of 1026 kg/m3 which appears +o overestimate the solid 

nitrogen density for the temperature range of interest. 

i a t e  n t heat - 
The latent heat of vaporization, which i s  the heat necessary t o  

convert a l i q u i d  t o  a t  a given temperature a given mass of l i q u i d  t o  the 

same mass of vapor,  i s  calculated from a curve f i t  to the difference of 

enthalpies between gaseous and 1 i quid n i  trogen i n  Jacobsen. 123)  T h i s  

curve f i t  can be written as follows: 

L = 2326.3 (147.283 - 1,6851 T + ,01974 T2 - ,00010716 T3) 169) 

For 8 -phase sol i d  ni t rogen,  no appropriate data exist for the 

latent h e a t  o f  sublimation, which i s  the heat necessary to convert a t  a 

given temperature a given mass o f  s o l i d  t o  the same mass of vapor. 

Consequently, a theoretical expression is  calculatea from the Clausius- 

C1 apeyron equation: 

Psat wherrl T- i s  the slope o f  the V-P curve and v i s  the specific 

volume of the gas. The slope of the V-P curve is determined from the 

derivative of equation ( 6 5 )  w i t h  respect t o  T, which can be expressed 

as follows: 



By equat 
1 wi th  - 
P 

ng equations (70) and (711, solving f o r  L, and replacing v 

the l a t e n t  heat of  sublimation can be expressed as 

Psat (1 1 - - -1 an 10 L = -  P Ps 

where psat and b are from reference 29. As can be seen i n  f i gu re  9, 

a r e l a t i v e l y  constant value o f  2.43~10' J/kg f o r  the nitrogen l a t e n t  

heat o f  sublimation i s  calculated from equation (72) f o r  both ideal  and 

yea1 gas equatson f o r  p . This value agrees well w i t h  value o f  

2.42~10~ J/kg f o r  the nitrogen l a t e n t  heat o f  sublimation. G r i f f i n ( 4 )  

and S iv ie r  ( 5 )  extended the l a t e n t  heat o f  vaporization below the t r i p l e  

po int .  Extension of equation (631, the curve f i t  t o  2acobsen's values 

of l a t e n t  heat for  the l i q u i d ,  below the t r i p l e  po in t  i n  f i g u r e  9 shows 

tha t  a markedly d i f fe ren t  value o f  nitrogen l a t e n t  heat o f  sublimation 

could resu l t .  Therefore, the current  program uses a constant value of 

2 . 4 3 ~ 1 0 ~  J/kg for  the nitrogen l a t e n t  heat o f  sublimation. 

Surface tension 

Surface tension i s  a fam i l i a r  concept f o r  l i q u i d s  and can be 

read l l y  measured. For l i q u i d  nitrogen, the surface tension can be 

expressed as (23) 

u 0.0297074 (1  - T, /i26.2) 1.27135 

while e a r l i e r  expressions such as the one by S i v i e ~ ( ~ )  

(73) 

u = .02394 - .0!l01933 T, ( 7 4 )  
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glve slmilar results, as  snown i n  flgure 10. 

comparable, physlcal surface tension is  not normally thought o f  or  

measured. Nevertheless, there I s  6 common l l n k  between l lqu ids  and 

solids;  namely t h a t  both have an associated surface energy. For 

purposes of CLDT. surface tenslon can be vfewed as  surface energy 

divlded by area. In a very useful theoretlcal  work,  Tabor outllned 

an approach which re la tes  the latent heat of suSllmatlon w l t h  the free 

surface energy of a sol ld .  Tabor's expression f s  

However, for  sol ids ,  a 

where 0.267 is  a factor approprlate for the [loo] face of a face- 

centered c u b k  ( fcc)  solld.  For other faces and s t ructures ,  the 

numerical factor  s\,,tlld be changed by a small amount. (30) A reasonable 

average value for  the numerlcal factor  I s  0.3. (30) T h l s  re1at:on should 

best apply t o  van der Waals so l ids  such as so l ld  neon, argon, and 

krypton. (30) 

not exist. Soltd nitrogen is  also a van der Waals solfd.  FOP the 

comparlslons w i t h  data i n  Tabor, (30) equatfon (75 )  generally 

overpredfcts the surface energles for  several sol1 ds; therefore,  an 

expression of t h f s  type I s  consfdered t o  be the upper lfmlt of  free 

surface energy of a solld.  

However, experimental ver l f icat lons f o r  these sol lds  do 

Since the structure of 6-phase so l ld  nltrogen I s  hexagonal close 

packed, ( h c p ) ,  the present author modtfled Tabor's expresslon (see 

Appendlx A ) .  Assuming t h a t  the droplets form along the lowest energy 

surface whlch is  the [OOOl] face of a hcp so l ld ,  the result of  the 

modlflcatlon t o  equation ( 7 5 )  I s  
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wher? the constant i s  smaller than the value of  ,267 estimated by 

Tabor. Because the l a t e n t  heat o f  sublimation i s  2 . 4 3 ~ 1 0 ~  J r k g ,  

equation (76) can be s imp l i f ied  to the fo l iowing expression 

= 2.00x10-4~ps~ 2 /3 (77) 

where ps i s  calculated from equation (68).  

I n  f i g w e  10, the f ree surface energy or surface tension calculated 

from equation (77 )  i s  w i th in  10 percent o f  Diker and Koppcnwallner’s (15) 

empir ica l ly  determined value of  0.0185 N/m. W U ( ~ )  set the surface 

tension of  s o l i d  nitrogen a t  0.0124 N/m which i s  s lgn i f i can t l y  lower 

than the values calculated from equation (77). G r i f f i n ( 4 )  and Sivier(’) 

extrapolated t h e i r  respective expressions f o r  the 1 i q u i d  nitrogen 

surface tension below the t r i p l e  point, which resu l ts  i n  very d i f f e r e n t  

values f o r  surface tension. As mentioned i n  the section discussing bhe 

CLDT, CLDT can be pa r t i cu la r l y  sensi t ive t o  surface tension and so these 

dlf ferences can be very Important. 

IP fact, by examining equation (281, it can be seen t h a t  the r a t i o  

o f  a3/pa2 i s  an important quanti ty to predic t ing the nucleation rate.  

Consequently, knowing the values of  the surface tension and density used 

i n  a par t i cu la r  paper i s  necessary t o  properly compare the d f f f e r e n t  

theoret ica l  expressions d i f f e r e n t  researchers have used for predic t ing 

the onset of  homogeneous w l e a t i o n .  I n  other words, many di f ferences 

i n  theoret ical  expressions may be overshadowed by var ia t ions i n  

30 



0 3 /ps2 from one paper 

L o f  aJ/ps calculated from p s  (eq. (68) )  and u (modified Tabor 

3 3  l2 which i s  33 percent greater 
kg;r 

theory eq.(77)) i s  8.00~10" 

3 3  
-I2 calculated from Diker and than the r a t i o  value o f  6.01~10 2 

Koppenwal 1 ner ' s (15) expressions f o r  p s  and u . 
Koppenwal 1 ner s value o f  sol i d  nitrogen surface tension i s  combined w i th  

the density calculated from equaticrn (68), the resu l t i ng  modif ied r a t i o  

would be 8- t o  19-percent greater than t h e i r  o r i g ina l  value. Also 

included i n  f igure 11 are the values o f  a3/p: calculated from 

and S i ~ i e r ' s ( ~ )  expressfons f o r  u and ps. 

I f  DGker and 
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RESULTS AND DISCUSSION 

Comparisons between theoret ical  predict ions and experimental data 

art3 next used t o  evaluate the performance o f  CLDT and the various 

correct ions t o  CLDT, t h e  s e n s i t i t i t y  o f  the calculat ions t o  ce r ta in  

parameters, and the s e n s i t i v i t i e s  o f  the nucleation expressions t o  the 

s l i g h t  dif ferences i n  pressure and temperature tha t  a r i se  when the 

expansion fsentrope i s  calculated using the more precise Beatt ie-  

Bridgeman equation o f  state f o r  n i  trogen Instead o f  the approximate 

ideal equation o f  s ta te f o r  an ideal diatomic gar. The data f o r  these 

comparisons w i l l  be from experiments i n  the Langley 0.3-m 'iCT using the 

0.152 m DFYLL-constructed CAST-10 a i r f o i l  and from e a r l i e r  nozzle 

experiments by Dankert (31) and :!agamatsu and Willmarth (32). 

CAST-10 A i r f o i l  

The 0.152m DFVLR CAST-10 a i r f o i l  was tested i n  the Langley 0.3-m 

TCf i n  order t o  observe possible condensation e f fec ts  due t o  homogeneous 

nucleation i n  the supersonic f low region over an a i r f o i l .  The 

freestream Mach number was held constant a t  0.65 and the angle o f  

attack, a, was set a t  6 degrees. With these conditions, the maximum 

local  Mach nrtmber, 

f o r  the t o t a l  pressure range tested, 

"L-max 9 
over the a i r f o i l  was approximately i . 4  

Comparison o f  the CAST-13 a i r f o i l  data wl th  the one-dimensional 

computer model discussed i n  the previous sections i s  r e s t r f c t e d  t o  the 

supersonic region over the  a i r f o i l ,  because t h i s  i s  where Condensation 

due to homogeneous nucleation w i l l  occur f i r s t  (see f i g .  12) and because 

o f  d i f f i c u l t i e s  i n  mathematically ca lcu lat ing through the sonic 

cond l t i  on. Furthermore, the experimental scatter i n  the Condensation- 

f ree data near the recompressian shock i s  large while the scatter I n  the 
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data i n  the suptrsonir reyjen i s  smalls which again ruggests compa~’s0nS 

I n  the supersonjc region. Because the computer model cannot calculate 

through a sonlc condltlon, the calculat lons must s t a r t  a t  an x/c 

locat lon o f  0,007, where the f low I s  already past M - 1. Because only 

smcll devlatlons I n  pressure and, hence, area d l s t r l b u t l o n  are to be 

studled, the one-d4menslonal model should be a good approxfrnatlon. 

AssumIng an Ideal  gas e w s t l o n  o f  state, the c lass lca l  l l q u l d  droplet  

theory , CLOT , (eq. 25) , a1 ong w l  -&,I several mod1 f I cat1 3ns , are compared 

w f t h  the experlmental condensatlon data. These m d f  f l ca t l ons  Include 

c lass lca l  theory as modIfSed by Tolman w i th  6 = 0 . 2 5 ~ 1 0 - ~ ~ ~ 1  I n  

equations 29 and XS label led CLOT-T; c lass lca l  theory 15 m d W e d  by 

Lothe and Pound (€9. 311, l abe l l ed  CLDT-LP; c lass lca l  theory as m d i f f e d  

by Relss o r  KlkuchI feqc;. 371, l abe l l ed  CLDT-RK. 

Data f o r  the CAST-10 t e s t  were taken durlng experiments whose t o t a l  

condlt lonr are represented by the three l l n e s  I n  f fgure 13 ident l f led as 

pt = 5 am, Kc = 1 5 ~ 1 0 ~  and Rc = 3 4 ~ 1 0 ~ .  The t o t a l  temperatures were 

lowered along e l the r  a constant value of  t o t a l  pressure or  along ~ 4 t h ~  

o f  varyI ng to$al pressur2 t o t a l  temperature whlch provl  ded constant 

values o f  R,. The upper temperaturc l l m l t s  o f  the experlrnents were 

chosen so that no e f fec ts  due t o  conde,?satIon could occur I n  the 

supersonlc reglon and the mlnfmum tempiratures were chosen t o  be below 

those correspondlng t o  freestream saturatfon. 

The two hlgher pressure cases ( the 5 atm clnd the 34x106 R, l l n e s )  

displayed the onset o f  condensatlon e f fec ts  due t o  the formation o f  

l l q u f d  nltrogen because the t o t a l  temperatures remafned above 88K which 

I s  the t o t a l  temperature a t  whlch the l oca l  temperature a t  ML-max r 

1.4 1s 63.148Ks Pbe t r i p l e  po ln t  temperature. These two to t81  
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temperatures a t  whfch onset occurred f o r  the higher pessure cases are 

14K below the t o t a l  temperature a t  whfch saturation occurs f o r  ML-,,,ax - 
1.4 a t  the same t o t z l  pressure as a t  oncet. However, they are above 

the t o t a l  temperature f o r  whfch freestream saturation occurs. 

- 

The lower pressure case (15 m f l l l o n  Rc) dfsplayed no ccndensatlon 

e f fec ts  even down below freestream saturation. I f  condensatfon had 

occurred, s o l l d  nftrogen would have Seen formed because the t o t a l  

the computer models are  

d nf trcgen condensatf on 

temperature was below 88K. The 

compared w t h  the CAST-10 a f r f o f  

i n  the  next section. 

L lqu ld nftrogen 

predfctfons o f  

data f o r  1 f qu 

As mentioned, f G r  the 34x106 Rc and 5 atm CAST-19 experiments, the 

condensed phase I s  l f q u f d  nftrogen. The data showlng the l i q u i d  

nf irogen condensation e f fec ts  on the local  pressure f o r  the 34x106 Rc 

experiment are shown i n  f fgure 14 as the pressure c o e f f l c i e n t  

devfatlon. 

over the a l r f o l l  . For pt = 3.7 atm and Tt = 96K, the CAST-10 data 

exhfbf t  l f t t l e  or  no condensatjon effects. However, a t  pt = 3.6 atm 

and Tt = 94K, the CAST-10 data show d e f f n l i e  condensatfon e f fec ts  on 

pressure. Usf ng the unmodf f i  ed CLDT, the computer model underpredicts 

condensatfon e f fec ts  a t  94K ( the predict!on dfd not r l s e  above the zero 

l f ne ) .  Use of 6 = 0 . 2 5 ~ 1 0 - ~ ~ m  (a value of 6 a r b f t r a r f l y  chosen 1 fn 

CLDT-T resu l t s  f n  good agreement wj th the CAST-10 data a t  Tt = 94K. The 

computer model wfth CLDT-RK gfves the same order o f  magnitude o f  

condensatfon e f fec ts  us the CAST-10 data a t  Tt = 94K. Use o f  CLDT-LP 

with Qrep = lo3, whfch f s  the largest proposed value o f  Q,, 

accordfng t o  reference 17, and whfch would r e s u l t  i n  the smallest value 

A C ~  = Cp - CpSno cond., p lo t ted  agafnst the x/c locat ion 
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of nucleation. areat ly overpredlcts condensatlon ef fects a t  94K as wel l  

as 96K where no e f fec ts  are shown experfmentally. Thfs poor predfct lon 

i s  consistent wi th  the statement f n  an e a r l j e r  sectfon, namely, t h a t  the 

Lothe and Pound correct ion may only be approprlatc t o  descrlbe the 

formatlon o f  s o l f d  par t fc les.  The nonfsothermal correct lon i s  not shown 

because It reduces the CLDT predfct ion even further.  Therefore, the  

predlcted condensatlon e f fec ts  are less than w l t h  the CLDT. 

The rapfd formatlon o f  condensat?on e f fec ts  shown I n  f l gu re  14 i s  

due t o  the reductfon o t  t o t a l  temperature and pressure which 4s 

character ls t lc  o f  homogeneous nucleatlon. The s e n s f t l v f t y  o f  

condensatloii e f fec ts  t o  small Tt changes I s  shown I n  figure 15 where 

resu l t s  f o r  the CLDT-RK condensatlon model f o r  %.OK and 93.7K 8fe 

compared. The 0.3K reductlon t n  Tt, which I s  wel l  w l t h l n  t h e  

experlmental e r ro r  o f  O A K  a t  these condftlons, resu l t s  l n  a doubllng o f  

the ACp and brings the resu l t s  I n t o  b e t t e r  agreement w f t h  the CAST-10 

data a t  94.OK. (Reducing Tt by 0.3K t y p f c a l l y  doubles the predicted 

AC, for  CLDT and the other correctfons as well.) Thus, It 5s d l f f l c u l t  

t o  tel l  whether usfng CLDT-SK I s  more accurate than CLDT-T because o f  

the uncertad nty 4 n the measured temperatures. 

I n  f fgute 16, conparfsons of varfous theotet fcal  predictfons are 

made with the 5 am CAST-10 data. A t  Tt = 101K. there are posslble 

condens3tlon effects, but  e f fec ts  are uncertaln because the experlmental 

e r ro r  fn  ?C f s  o f  the same magnitude as the devtatfons observed. A t  

99K, the computer model w l  t h  CLDT underpredfcts condensatfon effects on 

pressure, bGt w i th  e f the r  CLDT-T ( 6 = 0.25x10-10m) or CLDT-RK f t  glves 

the same order c f  magnltude devlatlons as the data before s l g n l f l c a n t  

cofidensatfon growth occurs. 

P 

I f  a smaller value o f  6 1s used wi th  
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CLDT-T, be t te r  agreement would resul t ,  t t h f s  would then lead t o  

poorer agreement i n  f fgure 14. This discrepancy a t  x/c greater than 

0.15 could be due t o  l fm f ta t fons  of usfng the one-dfmensfonal model f n  

descrfbfng the two-dimensfonal flow over the a f r f o f l .  Use o f  CLCT-LP f s  

not shown because f t  f s  not approprfate for the homogeneous nucleatfon 

o f  l f q u f d  nftrogen droplets. The nonfsothermal correct fon lowers t h e  

pred5cted condensatfon e f fec ts  below the CLDT 1 . f ~  and f s  agafn not 

shown. 

The pressure d i s t r i b u t f o n  from the 5 atm CAST-10 a f r f o f l  experfrent 

I s  now used t o  examfne the predfcted condensatfon onset o f  l f q u f d  

nftrogen for each modfffcatfon t o  the CLDT. Also, the sensf t fv?ty  o f  

CLDT Q a 10-percent reduction f n  surface tens'on and t o  u t f l f z a t f o n  o f  

the B-B equatfon o f  state t o  describe the pressures and temperatures 

along +.ne expansfon jsentrope rather than the loss accurate Ideal  

equation of s ta te are examined. I n  tab le 5, pt 1s held constant a t  

5 atm and Tt !s varfed f n  each verslon o f  the computer model u n t i l  the 

AC a t  x/c = 0.25 matches the basellne value o f  AC = 0.0266, whfch 

f s  calculated uslng CLDT a t  Tt = 99K. The r a t f o  J/JcL f s  the 

increase f n  t h e  nucleatfon ra te  over the CLDT where both are calculated 

f o r  the new Tt a t  = 1.4. As seen i n  tab le  5, the umnodfffed 

CLDT can predfc t  t f ie condensatfon onset Tt of nftrogen f low over t h e  

CAST-10 a f r f o f l  wf th fn 2K o f  the Tt assumfng CLDT-T or  CLDT-RK fs 

correct. Use o f  the CLDT-LP, whfch 1s not expected t o  apply above the 

t r f p l e  pofnt  f o r  nftrogen, wfth Qrep = lo8 fncreascs the condensatfon 

onset Tt by 4.8K. A 10-percent reductfon f n  surface tensfon could 

r e s u l t  f n  a 3K fncrease f n  condensatfon onset Tt and a l o 6  Increase i n  

the nucleation r a t e  a t  MLemax - 1.4; therefore, the calculat fons are 

F P 
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very sensftfve t o  the surface tensfon. Using the B-6 equatlon of s ta te  

(eq. 50) w l  th  the CLDT shows that the rea l  gas behavf or of  the cxpandfng 

gas resu l ts  i n  smaller dffferences l n  onset Tt than those found when 

usfng the CLDT-T or CLDT-RK l n  the computer model. For fu r ther  

predictfons of the l f q u f d  nftrogen condensation onset Tt, CLDT-RK w f l l  

be used l n  the computer model because (1) It agrees wl th fn the 

experimental e r ro r  o f  the data, am:', ( 2 )  the Tolman constant. 6 , I n  the 

CLOT-T I s  arb l t ra ry  and does not do a be t te r  job than CLDT-RK when both 

figures 14 and 16 are consfdered. I n  the next section, the approprfate 

correct fon t o  the CLDT f o r  the formation o f  s o l f d  nftrogen 1s studfed by 

comparfng w. t h  the 

Sol f d Nf trogen 

Rc = 1 5 ~ 1 0 ~  CAST-10 a l r f o l l  data. 

Formation o f  s o l i d  nftrogen 3s assumed tu occur when loca l  

temperature durfng the condensation process I s  below the t r l p l e  po ln t  

temperature o f  nltrogen. Because of  the  uncerta?nty 7n the  values o f  

density and surface tension, the varfous expressfons dlscussed Ir i  the 

sectfon on ni t rogen progertfes are evaluated by cornparfson tetween the 

R, = 1 5 ~ 1 0 ~  CAST-10 a i r f o i l  data and the computer model. The surface 

tenslon and densfty are calculated from equatlons 77 and 68, 

respecffvely, whfle the CLDT, CLDT-T, or  CLDT-LP are usee l n  the the 

computer model CLDT-RK l s  not used f o r  describing the s o l f d  ni t rogen 

f o n a t f m  because i t  was aerfved f o r  l f q u f d  formatlon. Addlt lonal 

versfons to be examdned are CLDT wl th  9Gker and Koppenwallner's 

expresslons for u and ps, l abe l l ed  CLDT-DK; CLDT-T w f t h  S lv fe r ' s  

expressfons for  u, ps, and 6 = 0.325~10-~~m, l abe l led  CLDT-SIV; and 

CLDT wl th Mu's expressjons f o r  u and pS. l abe l led  CLDT-WU. 
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The CAST-10 c f r f o i l  experfment f n  whfch s o l f d  nftrogen condensatfon 

cculd have been formed f s  the R, = 15x106 experfment. But, as shown i n  

f f gu re  17, no measurable condensatfon e f fec ts  were found down t o  pt = 

1.3 atm and Tt = 83K rrhlch are below the t o t a l  condftfons f o r  

freestream saturatfon a t  Fh, = 0.65. Simf lar ly,  usfng CLDT, CLDT-T 

wfth 6 = 0 . 2 5 ~ 1 0 - ~ ~ r n  , CLDT-LP wqth Q,, = lo4 ( t h f s  value o f  Qrep I s  

the smallest o f  t h e  range gfven f n  re f .  17 and would lead t o  the l a rges t  

predfcted value o f  nucleatfon rate) ,  or GLDT-OK, the computer model 

pred!cted no condensation e f fec ts  on the masure s t a t f c  pressure. 

However, as shown I n  f i g u r e  17, condensatfon effects are  great ly 

overpredf cted usf ng CLDT-SIV o r  CLDT-WU. Therefore, f ram these data, 

the conclusim can be d ram t n a t  the expressjons a f  Uu and Sfv ler  f o r  

s o l f d  nitrogen densfty and surface tension are not appropriate f o r  the 

predict? on o f  sol I d  nf trogen condensat1 on for  these condf t f  ons. Further 

analysfs o f  r o l l d  nftrogen fomiat!on f s  covered f n  WE next sectfon by 

studyjns nozzle data. 

Nozzles 

Because o f  the l f m f i d  CAST-10 a l r f o f l  data below the t r !p le  po fn t  

temperature o f  nf trogen, prevfous nozzle experiments by Dankert (31) and 

Nagamatsu and Nf 1 lmarth (32) are sturffed f n  order t o  evaluate possible 

correctfons t o  the CLDT I n  t h f s  regfme. Nozzle area 1s calculated from 

the f sentropfc or  no-condensatf on pressure d! s t r f b u t f  on where the 

pressure coe f f i c fep ts  are Ca’lC!Jlated by using the Qlnamfc pressure crt an 

a rb i t ra ry  Mach number. The f f n t  comparison w l l l  be made t o  the data o f  

Dankert pub1 f shed f n reference 31. 
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Dankert 

The most useful data o f  Dankert (31) f o r  the present comparfsons are 

h l s  f ree- je t  nozzle data from hfs f fgure  34 i n  whfch pt = 3.0 atm and 

the throat  dlameter f s  0.005m. For Tt - 125K, 160K, and 175K, the 

computer model dramatf ca l  ly underpredfcts condensatfon e f fec ts  usf ng 

CLDT, CLDT-1, or  CLGT-DK whfch are not shown f n  f fgure  18. I n  f fgure  

19, the computer model usfng CLDT-LP wf th  Qrep = lo4 agrees wel l  w f th  

data f o r  Tt = 125K and reasonably well wi th  data f o r  Tt = 160 K and 

175K before a s fgn l f f can t  amount o f  condensatfon occurs, whfch causes 

the assumptions used f n  the model t o  become fnvalfd. I n  f fgure  18b, 

onset o f  colidensatfon e f fec ts  are overpredfcted f o r  a l l  three cases 

usfng CLDT-VU except when large amounts o f  condensate are present, where 

the assumptfons used f n  the model are fnaccurate. 

f u r the r  comparfsons are made wfth wedge nozzle data. 

I n  the next sectfon, 

Nagamatsu and Wf 1 lmarth 

Because Slvf e r  ' s computer model I n  reference 5 agrees wf t h  the 

wedge nozzle data from f fgure  14 o f  Nagamatsu and Wf11mrth (32) f o r  run 

9-5 wfth pt = 8.21 atm and Tt = 295K, the present cml;;rter model 1s 

compared wfth these data. No condensatfon e f fec ts  are predlcted usfng 

CLDT, CLDT-T, CLDT-LP, CLDT-DK, or CLDT-SIV. Condensatlon e f fec ts  are 

also underpredfcted usfng CLDT-UU as shown f n  f fgure  19. Thls dfsagree- 

ment between the computer model and the Nagamatsu and Wlllmarth data 

could be due t o  e i t h e r  fmpurfties f n  the nf t rogen used b.v Nagamatsu and 

biflmarttt o r  I n  the assumptlons I n  the computer mode?. I n  par t fcu lar ,  

since Sfv fe r ' s  propertfes f o r  the s o l f d  nftrogen densfty and surface 

tensfon are used f n  CLDT-SIV, the prfmary df f fetence between S lv fe r ' s  

model and CLDT-SIV developed hereln i s  t ha t  S l v fe r  assumes the droplets 
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are a t  saturat ion temperature regardless o f  sfre,  The present model 

uses a radlus-dependent droplet  temperature based on reference 21, whlch 

assumes the c r l t t c a l - s f z e d  droplets are a t  the gas s t a t i c  temperature. 

Sfv fer 's  assumption resu l t s  I n  a larger  nucleatlon r a t e  and, thus, an 

Increase f n  condensatfon ef fects,  which resu l t s  l n  tgreement f o r  the 

Ndgamatsu and Wfllmarth data, but  f t  also would r e s u l t  I n  dramatic over- 

predfct fon f o r  the Rc = 1 5 ~ 1 0 ~  CAST-10 data and I n  the Dankert data. 

The present computer model usfng CLDT-LP wl th  Qrep = lo4 wfll be 

used t o  p red lc t  the onset o f  s o l i d  nitrogen condensatfon over the CAST- 

10 a l r f o f l  l c  the next sectfon because (1) f t  agrees with the Dankert 

data(46) and ( 2 )  does not overpredfct condensztion e f fec ts  f o r  the 

R, = 1 5 ~ 1 0 ~  CAST-10 a l r f o f l  experlment. 

Predlcted Onset of Homogeneous Nucleatton 

The t o t a l  condltfons a t  wh:ch onset of condensatln due t o  the 

homogeneous nucl eat1 on wf 11 occur over the 0.152111 DFVLR CAST-10 af r f o f  1 

a t  M, = 0.65 and a = 60 can be predfcted usfng the present computer 

model Homogeneous nucleatlon l s  represented by the CLDT-RK f o r  l f q u l d  

nftrogen and the CLDT-LP w i th  Qrep = lo4 f o r  s o l f d  nltrogen, although 

more experlmental comparison data are needed t o  v e r f f y  these cholces. 

Growth o f  the droplets 1s  represented by Gyannathy's (21) radfus- 

dependent droplet  growth equatfon. I n  f fgure 20, the predicted onset o f  

condensatfon e f fec ts  f s  safd t o  occur when the pressure devfates from 

the no-condensatlon pressure by 0.25 percent a t  x/c = 0.25. Thfs f s  an 

a rb f t ra ry  l oca t i on  ahead o f  the recompressfon shock f o r  the CAST-10 

experlment, whfch l s  the pressure d l s t r l bu t fon  used I n  predfet lng t h f s  

onset curve. For other pressure dtstr fbut fons, a d f f f e r e n t  locatfon m a y  

be approprfate, dependfng on the shock locat lon.  The predfcted cnset o f  
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1 i qui d n i  trogen condensation agrees we1 1 w i  th tee experimental onset 

which was measured from the CAST-10 data. 6elow p+ = 3 atm, Zxact 

predic t ion o f  homogeneous nucl e a t i  on may be unimportsnt for  the 0.152m 

CAST-10 a i  r f o i  1 because the predicted onset o f  condensatior, fa1 1 s bel OW 

f reestream saturation, where condensation on pre-exi s t i ng  red p a r t i c l e s  

( heterogeneous nucleation) can occur upstream o f  the a i  r f o i  1 and 

influence the aerodynamic data a t  temperatures aboJe which homogeneous 

nucleaticn could occur. The i n f l e c t i o n  of  t h e  predicted onset curve 

a t  pt = 2.5 atm i s  due t o  p a r t  o f  the f l o w  being above and p a r t  of  the 

flow being below the t r i p l e  po int  durin3 the calculatfon. 
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CONCLUDING REMARKS 

A computer model of the homogeneous nucleatfon and growth of 

nitrogen condensate f s  developed for  flows over airfoils whlch f s  

capable of predlctlng the onset of condensation effects and, t h u s ,  the 

mlnlmum operatfng temperatures w l  t h o u t  condensatla" effects for 

cryogenfc wlnd tunnels. And from these temperatures, the maxlmum 

Reynolds number capablllty of a cryogenfc wlnd tunnel can be predfcted 

for a gfven configuration. For predfctfng l f q u f d  nftrogeir condensatfon 

effects, the result: of cornparfng the computer model and the 

experimental data for the 0.152m CAST-10 alrfoll w f t h  Ma = 0.65 and 

a = 60 are sumnarfzed as follows: 

The computer model u s i n g  the classlcal l l q u f d  droplet theory 

underpredfcts condensatlon effects over the CAST-10 alrfofl . 
In order t o  get good agreement w f t h  the CAST-10 a l r fol l ,  the 

classlcal theory needs to be fncreased by a small factor such as 

the arbftrary Tolman constant of 0 . 2 5 ~ 1 0 ' ~ ~ ,  or the Relss or 

Klkuchl correctfon. 

Using the Lothe and Pound correction, condensatfon effects are 

greatly overpredicted f o r  the case of 1 i q u f d  nftrogen condensatlon. 

The nonl sothermal cotrectfon t o  the cl asslcal theory further 

underpredlcts condensatlon effects. 

Y l t h  the Beattle-Brldgeman equatlon o f  state used l n  calculatlng 

the exyansf on I sentrope, the change l n  condensatl on effects l s 

re1 at4 vely small . 
The calculations are very sensltlve to the value o f  surface 

tenslon. 
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7. W l t h  the Relss or  Kikuchl correct ion t o  the c lass lca l  theory, the 

computer model indlcates t h a t  below pt = 3 atm f o r  the 0.152111 

CAST-10 a l r f o l l  w f t h  M, = 0.65 and a = 6 0 ,  exact predlc t lon of 

homogeneous nucleatlon o f  n l  trogen mqy be unfmportant because the 

predf c ted onset o f  condensatl on fa1 1 s bel  ow freestream saturat f  on, 

where heterogeneous nucleation can occur upstream o f  the af  r f o l l  

and lnf luence the aerodynamlc data a t  temperatures above whlch 

homogeneous nuc: eat1 on coul d occur. 

8. To f u r the r  va l ldate t h e  onset curve, more data need to be taken. 

These data must be taken very acurately because o f  the hfgh 

senslt ' ,vl ty o f  Ule onset o f  condensatton t o  t o t a l  temperature. 

I n  p r t d l c t f n g  the condltfons w h l d  would glve r l s e  t o  e f fec ts  due 

t o  the condensatfon s - :  s o l l d  nitrogen, the resu l t s  o f  comparfng the 

computer mtrdel with expertmendl data are sumnarlzed l n  the fol lowlng: 

1. The surface tenslon and densfty are both Important when comparfng 

the nocleatfon rates of s o l l d  nltrogen because o f  the dependence o f  
3 2  the nucleatlon equatlon on u /pc . 

2. Using Mu's and Sfv fer 's  expresslons f o r  s o l l d  nitrogen surface 

tens l  on and densi t y  , the c l  asslcal theory dramattcal l y  overpredl c t s  

condensatlon e f fec ts  f o r  the CAST-10 a f r f o l l  data. 

3.  A theoret ical  expresslon f o r  the surface tension o f  s o l l d  nl t rogen 

l s  calculated from a modif ied verslon o f  Tabor's expressfon f o r  

surface tenslon. 
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4. Use of the classfcal theory w f t h  the Lothe and Pound correction 

Prep = lo4, denslty from the Scott da ta  and the expression for 

surface tensfon mentfoned above, agrees w i t h  the Dankert free-jet 

data whfle use of the classjcal theory w f t h  Wu's surface tensfon 

and densf ty  overpredicts the onset o f  condensation effects. 

5. Comparlson of the present computer model w i t h  the Nagamatsu and 

Wfllmarth nozzle data and Sfvfer's computer model indfcates t h a t  

assumf ng droplet temperatures equal to satuatfon temperature rather 

t h a n  f n f t i a l l y  a t  gas temperature could greatly Increase nucleatfon 

rate, al though thfs assumption would be controversfal. 

Before any deffnitive conclusions can be made concerning onset of 

solfd nftrogen formatlon, further studfes on the propertfes o f  

so l fd  nftrogen and more experimental data  are needed. 

6 
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APPENDIX 

MODIFIED TABOR THEORY FOR Sd2F1CC ENERGY OF SOLID NITROGEN 

Tabor(30) ou t l ined  an approach which re la ted  the l a t e n t  heat o f  

sublimation t o  the free surface energy.(6) Basing h i s  expressicq on the 

!10(31 face o f  a face-centered cubic (fee\ sol id,  he derived the 

fol lowing equation f o r  surface erlergy 

A - i  

where the constant .267 changes by small amounts for other faces and 

structures. ( 3 0 )  Therefore, because 8 - phase s o l i d  nitrogen i s  a 

hexagonal c l o s e d - p d e d  (hcp) sol id, equation A-1 must be modified. 

Assuming tha t  the droplets form along the lowest energy surface which i s  

the [Cool] face f o r  a hcp so l id ,  tha surface energy i s  recalculated 

f o l  1 owing the basic approach out1 i ned i n  Tabor. (30) 

On the [OQOl] face o f  a hcp sol id,  each surface molecule has 9 

“nearest neighbors”, whereas ins ide each c rys ta l  s t ruc tu r  each 

molecule has 12 nearest neighbors. 

of N atoms wi th  Ns surface atoms, the to ta l  bond energy o f  the 

crysta l ,  counting only nea,*est-neighbor i n ie rac t i on  i s  

I f  each c rys ta l  contafns a t o t a l  

Ac [12N - 3Ns] A E  [12(N-NS)  + 9 Ns] = 1z 1 A-2 

where A €  i s  the potent ia l  energy between each molecule and I t s  
1 nefgtlbor, and where the factor o f  

each bond twice. 

i s  introduced ‘A avoid counting 

PRECEDING PAGE BLANK NOT FILMED 
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1 If there were no surface atoms, the energy would be '2 A C  12%. 
3 Therefore, the energy is reduced by p A C  N Because A E  i s  

S *  

50 

negat've, this i s  a positive increase i n  energy which can be associated 

w i t h  the surface energy. I f  the surface area of the crystal is  A,  the 

surface erlergy can be iGentified as 

3 
= 7 A €  N, 

Therefore, equation A-? can be solved for CJ 

A-3 

where i is the surface molecules per 2.  
The l a t a n t  treat o f  sublimatfon can be expressed i n  t e r n  of A E  

fo r  a closed pack structure, such as J hcp structure, by the expression 

a-5 

(Note: In Tabor's method L i s  i n  J/aole, b u t  for equation A-5, tiA 

i s  divided by the molecular weight, P , because L has units of J /kg . )  

Equation A-I! can be solved far A B  as  

A-6 
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and then A E  can be replaced i n  equation A-4 so that, 

A-7 

For a hcp l a t t i c e ,  the volume occupied by each molecule i s  1 a3, 

where a i s  the distance between the center o f  one molecule and the 

center o f  i t s  nearest neighbor. l i  u i s  the molecular weight and pS 

the density, the volume o f  each molecule i s  also represented by 

a 

A-8 

For the [OOOl] fdce o f  ir hcp so l id ,  the area occupied by each molecule 

i s  

Therefore, ;ran A-8, 

2 2 a2 . The nurrber o f  molecules per m , z, i s  r-t 
( 3 a  

A-9 

Subst i tut ion o f  

u =  

Comparison 

A-9 i n t o  A-7 y ie lds  the equation 

o f  equation A-10 and A - 1  shows that the constant .229 in 

A-10 i s  approximately 15-percent lower than the  constant i n  A-1, 

Therefore, equation A-10 would predic t  a lower surface energy than 

Tabor’s expression. 
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TP.BLE 1.- BEATTIE-BRIDGEY!  EQUATION OF STATE CONSTANTS FOR N!TROGEN, 
REF. 6 

A, = 173.60 N-m 4 2  /kg 

a = .0009342 m3/kg 

6, = .001801 m3/kg 

b = - .000247 &/kg 

C = 1499. m3k3/kg 
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TABLE 2.- THERMAL CONDUCTIVITY FOR NXTROGEN,m-k-sec J , 
JACOBSEN REF. 24 

A A ~  = .00002195902214 p + .00638737@699 (e mM)36 p - 1.0) 

A 1  = -6.8939127475 

A 2  = 3.5226118983~10'~ 

A3 = -6.8357539823 x 

A4 = 1.5832717315 x 

A5 = -2.6418423047 x 

A6 = 3.6093309138 X 

A7 = -2.5555598476 x 

A8 = 8.5635041641 X 

Ag = -1.07175994M x lo-** 
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N-sec 
7' TABLE 3.- VISCOSITY FOR NITROGEN, 

JACOBSEN REF. 24 

C1 = 7.4165322904 x 

C2 = -1.5834400475 x 

C3 = 3.8530771011 x 

C4 = 8.0133713668 x 

C5 = -8.9203123846 x 

c6 = 8.9059711315 x i d 4  
C7 = -5.3779372664 x 

c8 1.7398277309 x lo-" 

Cg = -2.3084044942 x 
- 

1 r 
*'E i=l 

= 1 Oi (0.0010) 

01 = 2.3083514362 x 

D2 = -9.3636207171 x 

D3 = 9.0339186452 x 

D4 = -4.1832067163 x low3 

D5 = 1.0897627893 x 10" 

06 = -1.2913856376 X 10" 

D7 = 5.9782049913 x 
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TABLE 4.- VAPOR PRESSURE CURVE 

( a-b/T 1 psat = cm10 

Reference Dodge and D a v i s  Ref. 29 Frels, e t .  a l .  Ref. 30 

Range 63.148<T< 126.20 K 35.5<1<63.148 K 

a 3.93352 7.614676 

b 304.494 sec 356.281 sec 

C 101325 N/m2 133.32 N/m2 



ORIGINAL PASC 3 
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TABLE 5 .- COMPARISON OF PREDICTED CONDENSATION ONSET TOTAL TEMPERATURE 

CAST-10 AIRFOIL. M W = 0.65, pt = 5.0 atm 

BASELINE-CLOT, Tt 99K, AC = 0.0266, X/C = 0.25 
P 

Modi f 4 cat4 on 

CLDT 

CLOT-T, 6 = 0.25~10-~~m 

CLOT-RK 

CLOT-LP, Qrep = lo8 

Noni sothermal 

CLDT, u reduced 10% 

CLDT, B-B equation o f  state 

Onset Tt, K 

99 

100.7 

100.3 

103.8 

98 

102 

99 .8 

T t  - 99K 

0 

1.7 

1.3 

4.8 

-1. .o 
3 

.8 

JIJCL 

1 

500 

110 

1011 

106 

.046 

18 
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ORIGINAL PP.22 :S 
OF POOR QUALITY 
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ORIGINAL PAdE 19 
OF POOR QUALIn 
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FSr;grc 2.-  Approxirating airfoil pressure distribution by 
an equivalent onedimensional nozzle. 
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F i g u r e  7.- V a p o r - p r e s s u r e  curve for nitrogen. 
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Figure 8.- Condensate density for nitrogen. 
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Figure 4.- Latent heat values fer  nitrogen. Line l abe l ,  IDEAL CALC. 
uses ideal gas equation o f  s t a t e  values f o r  gas density w n i l e  line 
labelled REAL CALC. uses Beattie-Bridgeman equation of state values o f  
gas d e u i t y .  
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Figure 10.- Surface tension for nitrogen. 
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Figure 15.- Sensitivity o f  calculations to small 
Tt changes using CLDT-RK,- --. 
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Figure 17.- Comparison o f  CAST-10 data,() ,  and 
theory f o r  Rc= 15x106, M,= 0.65, and a= 6O. 
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Figure 38.- Comparison of Danke-', data  and theory. Pressure rir,io 

as a function of orifice diaqeters dwnstream o f  or i f i ce .  
pt= 3.0 atm, D= 0.005m. 



.1c 

.01 

P - 
Pt 

001 

. Ooljl 

CLDT-WU DATA 

c> 

I I I u 
0 1 2 3 4 5  

XlD 

KO CON@ ENS AT 
125 
160 
175 

I ON 

b ) Compari scn w i t h  CLDT- WU. 

Figure 18.- Cmtinued. 



78 

P 

, 

I 

- 3 :  10 !- 

I 

10-4 1 I 

0 1 

. .- - 

Figure 19.- 
GLg7- 23. 
g t=  8.21 atm, T t =  295 K, and I=  0 .0254~ .  

Com?arison of Nagamatsu a r d  Willrnzrth datz: and 
Dreswre rat i . : ,  a s  a func t ion  of position. 



79 

5 

4 

Pt' 
atm 

3 

2 

1 

ORIGINAL :; 
OF POOR Q!JALITY 

SATtiiWTION 

SATURATION 1 / 

i 
t 

P RED I CTED J 
ONSET I 

I 
/ 
/ 

I 

75 85 95 105 115 125 
Tt '  K 
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